This article reports measurements of stagnation pressure on a contoured coaxial gun, now installed at the Maryland Centrifugal Experiment ͓R. Ellis et al., Phys. Plasmas 12, 055704 ͑2005͔͒. The impact of the plasma on the stationary probe is consistent with adiabatic compression and supersonic flow. Measured pressure signals are consistent with a shock traveling at 110 km/s and a following flow with speed of 90 km/s. At late times, the pressure profile is consistent with an adiabatically expanding plasma that fills the vacuum chamber. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3148338͔
and for studies of magnetic fields, 8 turbulence, and instabilities 9 in plasmas. One of the limitations of coaxial plasma guns is the development of the blow-by instability. [10] [11] [12] We seek to mitigate this instability by the use of contoured inner and outer electrodes. 13 In this paper we describe measurements of the ram pressure due to the gun plasma plume. These results focus on data obtained from a fast piezoelectric pressure probe.
Our pressure probe is built around a PCB Piezotronics model 113A21 piezoelectric sensor. This sensor is encased in a 9.5 mm outer-diameter quartz tube to protect it from electrical and thermal damage by the plasma and to allow the probe to be moved relative to the vacuum chamber wall. The gun-facing end of the sensor is covered by a 0.5 mm thick quartz disk with a diameter of 10 mm ͑see Fig. 1͒ . The assembled probe has been calibrated inside a rigid shock tube. 14, 15 It gives a response of 2.28ϫ 10 −6 V / Pa. Its initial rise time is about 0.6 s, but it has a strong 160 kHz acoustic resonance. Interpretation is therefore problematic for any signals lasting less than about 2.4 s. For our experiment, this probe gives signals on the order of 0.3 V and substantial acoustic oscillations during the approximately 10 s pulse.
We collect pressure probe data at several axial locations downstream of the gun muzzle. At least five shots were taken at each position. For each trace, we first zeroed out signals resulting from electrical noise. We then perform a leastsquares fitting routine to the curve
with fit parameters t 0 , , ␣, and P nom . This curve peaks at time t pk = t 0 + ␣ and pressure P nom . It has a single zero at t 0 . We take the beginning and end of the pressure pulse to be at the 50% levels of the fitted curve. We will refer to the corresponding times as t rise and t fall . The data have significant scatter, but the leading edge travels at 110 km/s and the peak at 140 km/s. The tail appears simultaneously at all locations. 14 We use a two-fluid approximation and treat the ions and electrons as separate ideal gasses with the same temperature 14 T ϵ T e = T i . The fluid pressures of the two components are P fluid,e = n e k B T e ͑2͒
and
The other factors in the equation are the electron and ion number densities n e and n i , Boltzmann's constant k B , and the average ionization state Z Ϸ n e / n i . If the pressure probe was flush with the chamber wall and the gas's specific heat capacity was independent of temperature, the probe would measure the adiabatic stagnation pressure ͑Ref. 16, p. 59͒. We calculate this specifically for the ion fluid:
.
͑4͒
Although the ions will realistically have some coupling to the electron fluid, we ignore this for the moment 14 and use adiabatic indices ␥ = ␥ i =5/ 3 and ␥ e = 1. We combine formulas from several different sources ͑Ref. 
which yields a Ϸ 12 km/ s. The electron stagnation pressure is much smaller than the ion pressure 14 and will be ignored. The temperature T Ϸ 3 eV, ion mass m i Ϸ 5 amu, and ionization state Z Ϸ 1 are based on spectroscopic measurements below. a͒ Electronic mail: messer@hyperv.com.
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By assuming that the measured pressure P nom corresponds to the adiabatic stagnation pressure P stag , we can check for consistency with other diagnostics. Visible-light imaging shows the plasma's arrival at the probe coincident with the steep rise on the pressure pulse. The image also shows a clear bow shock.
Several variables contributing to the stagnation pressure are measured by spectroscopy: 20 Doppler shifts indicate an overall plasma speed of v Ϸ 90 km/ s. The observed carbon line ratios indicate an electron temperature of about 3 eV. Stark broadening and interferometry both measure electron densities n e near 5 ϫ 10 20 m −3 . We also assume Z Ϸ 1, T i Ϸ T e , and m i Ϸ 5 amu, all of which are consistent with the spectroscopy but which are not directly measured. We assume an ion mass of 5 amu since we have a polyethylene ͑CH 2 ͒ ablative plasma with a small admixture of higher-mass species. From these values, we expect a muzzle stagnation pressure ͑Eq. ͑4͒͒ of approximately 350 kPa. This is slightly below the 380 kPa from the exponential fit curve through the P nom ͑z͒ data ͑see Fig. 3͒ . We assume that the spectroscopic numbers are accurate throughout this article, but note that spectroscopy must integrate over a larger volume and longer duration than the probe.
Measurements with a ballistic pendulum placed in the plasma stream 13, 21 indicate a total momentum of about 13 g m / s at the muzzle. Using our standard 90 km/s velocity, we calculate a total plasma mass of 140 g. This is a factor of 3-4 above what we estimate from other diagnostics.
14 For all our diagnostics, shot-to-shot variations exceed estimated uncertainties.
There are two distinct phenomena revealed by the pressure probe. We first describe the shock front then describe and analyze the global decrease in pressure.
The clearest aspect of our data is the propagation of a shock wave. The passage of the shock is shown by a sudden increase in pressure, with the time of the increase depending on the distance of the probe from the muzzle. A linear fit to arrival time ͑t rise ͒ versus position ͑z͒ gives an average speed of 110 km/s ͑see Fig. 4͒ . Measurements at intermediate locations would allow a better description of possible slowing down. As expected, 16 the 90 km/s fluid velocity from spectroscopy is lower than the 110 km/s shock velocity from the pressure probe.
We do not analyze the leading edge of the pressure pulse in detail because of the negative swing in the measured pres- sure and the gradual rise which follows it. This unphysical decrease and slow rise are observed only when the high voltage switches are closed and not during shock tube calibration. In addition, they are observed even when the probe is outside the vacuum chamber. In this case, the pressure signal rises only to a small positive value, and we therefore assume that the peak pressure is accurate. The second phenomenon visible in the pressure data is that the pressure at all sampled positions decreases simultaneously within shot-to-shot variation ͑see Figs. 4 and 5͒. The pressure decrease is probably 14 due to cooling and recombining plasma. This hypothesis is constrained by the interferometry signal, which shows a decrease in the number of free electrons as the pressure decreases. Since the pressure decrease is nearly simultaneous at all measured positions, it may be that the latter part of the pressure signal is due to a thermal plasma filling the chamber. If so, the decrease is a result of both cooling and expansion. The interferometer signals show a time scale n of about 5.8 s for the density decrease, 22 compared to the P Ϸ 2.8 s time scale for the decrease in the pressure signal on the same shots. This is consistent with adiabatic expansion of the plasma: A gas expanding adiabatically satisfies ͑Ref. 23, p. 17͒
for some constant C. The time derivative is
The ratio of these two equations gives the relative time constants ϵ / :
This implies that we have ␥ Ϸ 2, which is close to the nominal ␥ =5/ 3. Once the plasma splashes off the back wall of the chamber, the axial kinetic energy will be redistributed over motion in all three dimensions. This will effectively increase the ion and electron thermal speeds to about
͑v T is the species-dependent thermal speed before impact.͒ Only the electrons travel fast enough for their effects to appear simultaneous in our data set.
14 Because all probe positions show simultaneous pressure decreases, we suspect that the electrons keep all postimpact plasma at essentially the same temperature. Because the ions are much more massive and slower, gradients in mass density persist on the cooling time scales, leading to the observed dependence of pressure on position. We expect corresponding variations in electron density to maintain quasineutrality. It is not clear what causes this density gradient, but it presumably depends on details of the stagnation process.
We have made preliminary measurements of the stagnation pressure of the plasma plume produced by a coaxial gun which has since been installed at the Maryland Centrifugal Experiment. The pressure probe signals are roughly consistent with measurements of plasma parameters from other diagnostics and with the assumption of adiabatic compression when the plasma impacts the probe tip. There is clear evidence for a pressure front with a muzzle shock velocity near 110 km/s and a fluid velocity near 90 km/s. The adiabatic stagnation pressure near the muzzle is about 190 kPa and decreases with distance downstream. There are, however, several unknowns 14 regarding the precise interpretation of the pressure signals. We plan to take additional measurements so that we may add more detailed pressure data to our description, as well as provide tighter comparisons to other diagnostics. Spectroscopy, interferometry, and magnetic probes are currently producing data, and we are looking for ways to improve these diagnostics. We also plan to add a laser deflectometer over the course of the coming year and to do more simulations to assist the interpretation of these data.
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